though sporulation was suppressed. Trifloxystrobin and dimethomorph applied 72 h after inoculation suppressed formation of sporangia on sporangiophores as compared with all other treatments. In field studies, dimethomorph, fosetyl-Al, and trifloxystrobin suppressed development of shoots with systemic downy mildew to the greatest extent when applied near the timing of inoculation, although the duration of preventative and postinfection activity varied among the fungicides. There was a small reduction in efficacy of disease control when fosetyl-Al was applied 6 to 7 days after inoculation as compared with protective applications. Trifloxystrobin had 4 to 5 days of preinfection activity and limited postinfection activity. Dimethomorph had the longest duration of protective activity. Percent disease control was reduced progressively with increasing time between inoculation and application of dimethomorph. These findings provide guidance to the use of fungicides when applications are timed with forecasted or post hoc disease hazard warnings, as well as guidance on tank-mixes of fungicides that may be suitable both for resistance management considerations and extending intervals between applications.
Physical mode of action of a fungicide refers to the observable effects of a compounds on a disease with respect to placement and timing when applied before infection, after infection, or after symptom development (33) . The concept also includes other characteristics of the fungicide that may affect disease control such as retention and vapor activity. Optimum timing and use of fungicides for disease control is improved by an understanding of physical mode of action. This is imperative when a disease warning system is used as an aid in timing fungicide applications (27) . Given the logistics of responding to a disease warning farm-wide, linking quantitative information on the degree and duration of fungicide effectiveness is helpful for making warning systems more useful in practice. Downy mildew (caused by Pseudoperonospora humuli) is among the most important diseases of hop in the majority of production regions in the northern hemisphere (20, 30) . The potential for both indirect and direct damage to yield and cone quality exposes growers to the risk of complete crop failures if the disease is unmanaged. The pathogen may cause local and systemic infections of aboveground tissues, rhizomes, and crown buds (7) (8) (9) 30) . Crop damage may occur due to systemic shoot infections which prevent shoots from climbing and developing, loss of cone-bearing lateral branches, direct infection of cones, and, in some susceptible cultivars, a progressive death of the root system (30, 31) . Chronic infection of plants also may reduce plant vigor because of more rapid loss of carbohydrate reserves during autumn and winter (7) . Perennial infection of plants may lead to polyetic epidemics (12, 18) .
Fungicides are a central component of management systems for downy mildew. Disease management has become more complicated due to development of resistance to phenylamide fungicides (11, 21) and reduced sensitivity to phosphonate fungicides (25) . Consequently, phenylamide fungicides are essentially not used in regions where resistance is prevalent, and higher rates of phosphonate products are now required to achieve satisfactory disease control. Disease management also utilizes fungicides belonging to multiple other groups, including cyanoacetamideoxime, carboxylic acid amides, quinone outside inhibitors, and copper formulations. Currently, the disease necessitates repeated fungicide applications and, on average, 5.7 fungicide applications are made for downy mildew in established hop yards in Oregon (14), although 10 applications or more may be made on highly susceptible cultivars (12) .
Given the central role that fungicides play in disease management, there are surprisingly few data on the duration of pre-and postinfection activity of the various modes of action for hop downy mildew. In other diseases caused by oomycetes such Phytophthora infestans (19) , cymoxanil tends to have short-lived preventative activity because of rapid metabolism in plants, although cymoxanil may provide up to 48 h of postinfection disease control. Pre-and postinfection activity of fungicides in the carboxylic acid amide group appears to be variable, depending on the pathosystem. Six to 9 days of protection were reported against potato late blight (P. infestans) and cucumber downy mildew (Pseudoperonospora cubensis) by dimethomorph (3, 15, 19) . Carboxylic acid amide fungicides typically provide 24 to 48 h of postinfection activity against oomycete pathogens (6, 16) , although certain carboxylic acid amide fungicides also may reduce sporulation when applied after infection. Postinfection activity of fungicides in the quinone outside inhibitors group appears limited to approximately 12 to 24 h, with longer periods of suppression reported occasionally (28, 32, 35) . Suppression of sporulation by these fungicides is documented in some downy mildew pathogens (35) . Phosphonate fungicides have preinfection and postinfection activity that vary markedly among downy mildew diseases. Estimates of postinfection activity among phosphonate fungicides ranges from 48 h to greater than 14 days (22, 34) . Impaired sporulation is reported in several downy mildew pathogens following postinfection application of phosphonate fungicides (4, 22) . Copper fungicides generally are thought to control downy mildew diseases only when applied before infection (15) .
In this research, we quantified the postinfection activity of fungicides most commonly used for control of hop downy mildew and described the duration of disease control under field conditions. This information is of central importance in making strategic decisions on fungicide selection, particularly when fungicide application decisions are linked to disease hazard warnings (12, 13) .
Materials and Methods
Plant material. Plants of the downy-mildew-susceptible cultivar Pacific Gem were propagated from soft wood cuttings and maintained in a greenhouse devoid of downy mildew. The greenhouse was maintained at 20 to 25°C with a 14-h photoperiod. , and trifloxystrobin (Flint; Bayer CropScience). In these experiments, fungicides were applied to greenhouse-grown plants of Pacific Gem at six time points: 24 h before inoculation and 6, 12, 24, 48, and 72 h after inoculation. Fungicide rates were calculated as a concentration based on the maximum rates allowable on the current manufacturers' label and assuming an application volume of 935 liters of water per hectare. The concentrations were dimethomorph at 0.204 ml a.i./ml, cymoxanil at 150 mg a.i./ml, fosetyl-Al at 4,800 mg a.i./ml, copper hydroxide at 829 mg a.i./ml, and trifloxystrobin at 150 mg a.i./ml. Hand-held atomizers (Nalgene, Rochester, NY) were used to apply fungicides to the abaxial surface of the leaves to just before the point of run-off. Application of the fungicides took less than 15 min and the spray solution dried on the leaves within minutes of application. Three plants were random selected to receive a given fungicide-timing treatment (hereafter referred to as treatment) within a replication of the experiment. There was a two-way factorial structure of the factors fungicide and timing of application. These factors were randomized in each of four replications (blocks) over time. Individual plants within a replication of the experiment were considered subsamples.
On the day of inoculation, plants were inoculated with a suspension of P. humuli at 5 × 10 4 sporangia/ml derived from a field population of the pathogen obtained from an experimental breeding plot in Oregon that had not been exposed to the fungicides for at least 10 years. Inoculum was maintained and harvested as described previously (23) . A fine mist of inoculum was applied to the abaxial surface of the leaves using a Preval airless paint sprayer (Chicago Aerosol, Coal City, IL) to just before the point of run-off. Inoculated plants were covered with large plastic bags for 24 h to promote infection and then incubated in a greenhouse maintained at 20 to 25°C with a 14-h photoperiod for the following 7 days. Six days after inoculation, large plastic bags were misted with tap water and placed over the plants in the late afternoon (approximately 5 P.M.) to induce sporulation. The following morning, the plastic bags were removed and the percentage of leaf area bearing sporangia was assessed visually on the leaves at the third and fourth node from the top of each plant (12 leaves total per fungicide treatment), with the aid of standard area diagrams developed by the authors using Adobe Photoshop (version 13.0.1; San Jose, CA). Percent disease control relative to the nontreated was calculated as 100 × (1 − (y T /y c )), where y T is the severity of downy mildew in a given treatment and y c is the severity of downy mildew in the nontreated control in the same block of the experiment.
Differences were apparent in leaf area with sporulating downy mildew lesions and leaf area that was free of symptoms of downy mildew ( Supplementary Fig. S1 ). To capture these differences, disease assessments were conducted based on both the percent leaf area with signs of the pathogen (i.e., bearing sporangiophores) and percent leaf area with chlorosis, necrosis, or other symptoms of previous infection.
The number of sporangia produced was assessed on the nontreated control plants and plants in the treatments that were sprayed with fungicides 72 h after inoculation. Sporangia were collected from the three plants receiving a given treatment by spraying a fine mist of water to the abaxial leaf surface with a Preval airless paint sprayer and collecting the rinsate into a beaker. The number of sporangia in an aliquot of the spore suspension was counted with the aid of a hemacytometer and compound microscope. At least four counts were made per treatment and averaged. The total number of sporangia per plant was calculated based on the concentration of sporangia in the aliquot and total volume of the sporangial suspension.
Field experiments. Based on the results of the greenhouse experiments and consideration of fungicides that are typically used in hop production, fosetyl-Al, dimethomorph, and trifloxystrobin were selected for further evaluation of pre-and postinfection activity for shoot infection. The basic experimental design was to grow plants free of downy mildew in an outdoor environment either in pots or planted in a field, apply fungicide treatments at varying time points before or after a single inoculation event, and determine the degree of disease control on shoots relative to nontreated plots. Experiments to accomplish this were conducted with potted plants during 2012 and 2013 and in field plots during 2013.
Potted plant experiment. In this experiment, rhizomes of the downy-mildew-susceptible cultivar Nugget (17) were obtained from a commercial hop yard that was relatively isolated from other yards and was mostly free of downy mildew during the preceding season. Two to three rhizomes were planted into 4-liter pots in a potting soil mix consisting of 20% cocoa coir, 30% composted bark, 20% peat moss, and 30% screen pumice, amended with lime and dolomite (Teufel Products, Hillsboro, OR) at 0.6 kg/m 3 . The pots were placed on gravel beneath an uncovered greenhouse frame. The plants were watered by hand once shoots emerged to minimize wetness on foliage, and were fertilized at each watering with a 200-ppm solution of 20-10-20 fertilizer (percent nitrogen, P 2 0 5 , and K 2 O, respectively). When plants were approximately 18 to 27 cm tall, the shoots were trimmed back to three nodes to release apical dominance and encourage development of lateral shoots. Approximately 2 weeks later (10 May 2012 and 24 April 2013), the first fungicide treatments were applied. In 2012, treatments were applied 7, 3, and 1 day before and 1, 4, and 7 days after inoculation. In 2013, fungicide applications were made 6, 4, and 1 day before and 1, 2 and 6 days after inoculation. Fungicide applications were made near the same time of day for all applications. Rates of fungicide were equivalent to fosetyl-Al at 4.48 kg/ha, trifloxystrobin at 0.07 kg/ha, and dimethomorph at 0.195 kg/ha in an application volume of water at 468 liters/ha. If it was raining at the time the plants were to be sprayed, a plastic cover was pulled over the greenhouse frame approximately 2 h before the fungicide application, to dry the foliage. The plastic cover was left in place for approximately 4 h after the fungicide. This was necessary only in 2013 for the treatments applied 4 days after inoculation. Fungicides were applied through three single flat-fan 8002 nozzles equally spaced on a 76-cm boom and at a pressure of approximately 240 kPa. Nontreated, inoculated plots were included as positive controls, and nontreated, noninoculated plots were included as negative controls to determine background levels of downy mildew not resulting from the inoculation. An experimental unit consisted of 10 pots in a five-by-two rectangular arrangement. Each combination of fungicide and application timing was randomized within each of five blocks in a complete block design. Thus, there was a two-way factorial structure of the factors fungicide and timing of application.
On the day of inoculation, plants were spray inoculated with a suspension of P. humuli at 10 5 sporangia/ml to the point of runoff using a handheld pump sprayer (Gilmour Manufacturing Company, Somerset, PA). The inoculum was derived from the same field population used in the greenhouse experiments. After inoculation, the plants were misted intermittently until the next morning to promote shoot infection. Temperature, relative humidity, rain, and wind speed were measured at the height of the top of the shoots by a Spectrum WatchDog 700 weather station (Spectrum Technologies, Inc., Aurora, IL) (Supplementary Fig.  S2 ). Disease density was assessed by counting the number of shoots with signs or symptoms characteristic of systemic downy mildew in each plot 21 days after inoculation. Signs and symptoms considered downy mildew were chlorosis of leaves near the shoot tip, downward cupping of leaves, and shortened internodes (20) . Percent disease control was calculated similarly as described for the greenhouse experiment.
Vegetable Fungicide and application timing treatments were made as described for the 2013 potted plant experiment, except that the first application was made 7 days (rather than 6 days) before inoculation. The first applications were made on 18 June and plots were inoculated on 25 June. Inoculations and assessment of density of diseased shoots were made as described for the potted plant experiment in 2013. The plots were irrigated for 1 h by sprinklers after the inoculation to promote infection, in addition to 7.4 mm of rain that occurred in the 12 h following inoculation.
Data analysis. Data from the greenhouse experiments were analyzed in a mixed-effect model as a factorial. Fungicide and application timing were fixed effects and replication (block) was considered a random factor. Percent disease control was the response variable for the assessments of disease severity. Mixed-model analyses were conducted using the GLIMMIX procedure in SAS (version 9.4; SAS Institute, Cary, NC) assuming a normal distribution of the response variable. Sporulation data were analyzed directly after log transformation; a normal distribution of the response variable was specified in the generalized linear mixed model. In all analyses of greenhouse data, unequal variances were specified among treatments using the group option in GLIMMIX.
Data for each treatment from the field experiments in 2012 and 2013 were combined and standardized to percent disease control relative to the nontreated control and regressed on time (days) before or after inoculation. Percent disease control in relationship to the timing of fungicide application was expressed in a model with quadratic and cubic terms for fungicide timing. Parsimonious models with acceptable residual diagnostics were selected. Experiment, block nested within experiment, and the interaction of days × experiment were considered random factors in the analysis. Analyses were conducted by mixed-model regression using the GLIMMIX procedure.
Results
Greenhouse experiments. Inoculated control plants developed sporulating downy mildew lesions that covered, on average, 89% of the leaf area. Noninoculated control plants had 1% or less leaf area affected by downy mildew in every run of the experiment, confirming that the majority of disease was due to the inoculations and background levels of downy mildew were inconsequential.
The percent reduction in leaf area with sporulating downy mildew lesions varied depending on the fungicide (F = 336.72, P < 0.0001), the timing of the application (F = 60.85, P < 0.0001), and the interaction of the factors (F = 28.18, P < 0.0001). All fungicides provided nearly complete disease control when applied 24 h before inoculation (Fig. 1A) but varied markedly in postinfection activity. With copper, percent disease control decreased progressively as applications were made later after inoculation. Cymoxanil, trifloxystrobin, and dimethomorph reduced disease with similar efficacy when applied 48 h after inoculation as compared with applications of these fungicides made before inoculation. Only dimethomorph reduced sporulating leaf area at 72 h after inoculation similarly to the preinoculation application timing (Fig. 1A) .
The leaf area with signs of P. humuli or symptoms of downy mildew depended on the fungicide (F = 34.77, P < 0.0001), timing of application, (F = 44.12, P < 0.0001), and their interaction (F = 5.10, P < 0.0001). With some treatments, there were differences in the area bearing sporulating downy mildew lesions and leaf area with symptoms of downy mildew. This was most pronounced for trifloxystrobin and least pronounced with copper (Fig. 1B) . Whereas treatment of leaves with trifloxystrobin after inoculation reduced sporulation, sporangiophores of the pathogen did develop but produced fewer sporangia than the nontreated and other fungicide treatments (Supplementary Fig. S3 ). Adaxial chlorosis and necrosis was associated with the abaxial leaf area bearing sporangiophores. When considering both signs of P. humuli and symptoms of downy mildew, all fungicide treatments had significantly poorer control when applied 48 or 72 h after inoculation as compared with preinoculation application timing (Fig. 1B) .
Differences in sporulation were found among fungicide treatments when assessed 7 days after inoculation (F = 29.74, P < 0.0001). Trifloxystrobin and dimethomorph significantly reduced sporulation as compared with nontreated plants (Fig. 2) . With trifloxystrobin, this reduction was 0.81 log units compared with nontreated plants. Plants treated with dimethomorph produced 4.0 log units fewer sporangia as compared with nontreated plants.
Field experiments. Shoot infection developed in inoculated controls in the three field experiments to varying degrees. Inoculated, nontreated plots had, on average, 2.9, 3.0, and 14.7 shoots with downy mildew per plot in the experiment with potted plants in 2012 and 2013 and field experiment in 2013, respectively. Noninoculated control plots had 0.2 diseased shoots per plot in the 2012 experiment with potted plants, and none in the other two experiments (Fig. 3) .
Control of downy mildew on shoots was influenced by the timing of fungicide application and was greatest when applied near to the time of inoculation (Fig. 4) . Mixed models derived for percent disease control in relation to timing of application ("days") for fosetyl-Al Parameter estimates were significantly different than 0 in all models at P = 0.05, with the exception of the quadratic term in equation 1 for fosetyl-Al, which was significant at P = 0.062 (Table 1) . Disease control from fosetyl-Al was maximal when applications were made nearer to the time of inoculation or postinoculation. There was only a small decline in efficacy of disease control when fosetyl-Al was applied 6 to 7 days after inoculation as compared with protective applications (Fig. 4A ). Trifloxystrobin and dimethomorph had shorter durations of curative activity than fosetyl-Al (Figs. 4 and 5) . For instance, 3 days after inoculation, percent disease control was 80, 35, and 65% for fosetyl-Al, trifloxystrobin, and dimethormorph, respectively. Trifloxystrobin had a brief period of preinfection activity and limited postinfection activity, with maximal disease control when applied within 4 to 5 days before inoculation (Fig. 4B) . Application of this fungicide made 1 day after inoculation resulted in only 55% disease control. Dimethomorph had the longest duration of protective activity: 77% disease control 7 days preinoculation as compared with 48% for fosetyl-Al and 32% for trifloxysborbin (Fig. 5) . Percent disease control from dimethomorph diminished progressively with increasing time between inoculation and application of the fungicide, being intermediate to the curative activity of fosetyl-Al and trifloxystrobin (Figs. 4C and 5 ).
Discussion
The lack of high levels of host resistance to downy mildew in most hop cultivars (20) and the development and persistence of resistance to phenylamide and phosphonate fungicides (11, 21, 25) necessitates multiple modes of action and applications of fungicides per season for adequate control of the disease. The protective and curative activities of fungicides presently used in the management of hop downy mildew vary markedly, and an understanding of physical modes of action is helpful for strategic use of fungicides. In greenhouse experiments, all fungicides evaluated were similarly efficacious when applied just before inoculation. Curative activity varied substantially. Disease control (as measured by leaf area free of sporangiophores) was reduced compared with preventative applications for any postinoculation application timing of copper, or applications made 6, 24, 48, or 72 h after inoculation when plants were treated with trifloxystrobin, fosetyl-Al, cymoxanil, and dimethomorph, respectively. Copper and trifloxystrobin had only preinfection fungicidal activity, although the latter fungicide also had antisporulant activity. Similar activity of other fungicides belonging to the quinone outside inhibitor group have been reported for grape downy mildew (35) . Curative activity of fosetyl-Al and cymoxanil against P. humuli on leaves was similar to that reported by Gisi (15) for other downy mildew diseases. In the current study, dimethomorph had a longer duration of postinfection activity than typically reported for other diseases caused by oomycetes (3, 5, 6) . Some variability in postinfection activity of dimethomorph appears to exist among downy mildew pathogens (3, 6) , which may reflect differences in absorption and distribution within treated leaves (16) . Absorption and distribution may have been maximal during the greenhouse studies because leaf tissue was succulent (to enhance downy mildew susceptibility) and fungicides were applied directly to the abaxial surface of inoculated leaves.
Data from field experiments were somewhat variable, which could be attributable to inherent variability in inoculation and shoot infection, varying growth rates within and among plants, fungicide washoff and weathering, and, potentially, sample sizes. Nonetheless, when applied at labeled rates and a time of year typical of when fungicide applications are made for downy mildew, it is clear that the duration of pre-and postinfection activity varied among fungicides. Trifloxystrobin typically is utilized in commercial hop production in the management of powdery mildew (caused by Podosphaera macuarlis), although trifloxystrobin possesses some activity against downy mildew (24) and is often applied at times when management of both diseases is necessary (12) . Control of downy mildew on shoots by trifloxystrobin appears highly sensitive to timing of application. Trifloxystrobin controlled downy mildew on shoots with efficacy similar to that of fosetyl-Al and dimethomorph if applied 4 to 5 days before infection but essentially had no curative activity at the time courses evaluated in this research.
Whereas trifloxystrobin was most effective when applied preventatively, disease control from fosetyl-Al was sensitive to the timing of application before infection. The activity of fosetyl-Al was diminished little when applications were made as long as 7 days after infection. The mode of action of fosetyl-Al and other phosphonate fungicides is complex and pleiotrophic, involving both direct toxicity and stimulation of host defense responses that may affect multiple phases of the pathogen lifecycle and infection process (15) . Depending on the pathosystem, phosphonate fungicides may have a relatively long or short period of preventative or curative activity (1, 28, 34) . It is noteworthy that the disease control obtained with fosetyl-Al in the field studies was realized even though plant growth was fairly rapid, with the number of shoots per plant and length of shoots increasing more than twofold during the time course of when fungicide applications were made in a given experiment. Fosetyl-Al is highly mobile within the apoplast and symplast, and the extensive period of postinfection activity may be related to redistribution of fosetyl-Al or its metabolites within treated plants.
Carboxylic acid amide fungicides tend to have strong preventative activity against downy mildews (16) but curative activity typically is restricted to 2 days or less (15) . This was generally true of dimethomorph in the field experiments reported here. This fungicide had the greatest duration of preventative activity, and the degree of curative activity diminished rapidly 2 days after inoculation.
Although it is convenient to define the duration of preventative and curative activity of fungicides based on calendar days, expression of time in thermal units may yield better predictions with poikilothermic organisms because developmental rates are dependent on temperature (26) . The latent period of downy mildew on shoots in Fig. 4 . Control of downy mildew shoot infection on hop with A, fosetyl-Al; B, trifloxystrobin; and C, dimethomorph in relation to fungicide application timing before and after a single inoculation with Pseudoperonospora humuli. Curves in each figure are polynomial mixed-effects models.
relationship to constant temperature was described previously by Royle (28) . With this data, it is possible to fit a simple model, such as the model described by Pfender (26) , to quantitatively express latent period duration as a function of temperature. We did this in preliminary analyses and related percent disease control measured in the field studies to latent period units of downy mildew on shoots (Fig.  3) . The shape of the curves presented in Figure 5 were similar when based on days or latent period units of the pathogen since inoculation, and were not presented for brevity. However, we caution that, under field conditions, duration of preventative and curative activity of fungicides could be influenced by temperature and other factors not accounted for in the present study.
Numerous disease warning systems have been developed for hop downy mildew. Typically, disease hazard warnings are issued in response to measured or forecasted rain coincident with temperatures permissive to infection (12, 29, 30) . In some instances, the quantity or presence of airborne sporangia is used as a component of fungicide application decisions (10, 29) . In the absence of this information, however, fungicide applications made according to disease warning systems are de facto postinfection applications and, therefore, must contain fungicides with curative activity or be applied to target ensuing secondary cycles of disease. This research has defined the fungicides that may be suitable for both uses. It is less clear whether postinfection applications may hasten the development of fungicide resistance for certain modes of action where resistance management is required, as with carboxylic acid amide products. Few experimental data exist that provide guidance on use of fungicides preventatively versus curatively in a fungicide resistance management context, although current resistance management guidelines discourage use of curative application of fungicides (2) . However, depending on the degree of systemic infection of Pseudoperonospora humuli present in a hop yard fungicide applications may, in fact, always act on the pathogen postinfection. Nonetheless, the research presented here may suggest appropriate tank mixes of fungicides to maximize the duration of disease control. For instance, the physical modes of action of phosphonate and carboxylic acid amide fungicides appear complementary and tank mixes of these products may be suitable for both resistance management considerations and extending intervals between applications. a Relative disease control from the three fungicides in relationship to timing of fungicide application before or after a single inoculation (termed "days") was determined in three field experiments during 2012 and 2013. Experiment, block nested with experiment, and the interaction of days × experiment were considered random factors in the analysis. Polynomial terms for days before or after inoculation were selected based on significance of the terms in the model and residual diagnostics. and F and B Nursery for providing the time, resources, and facilities that made this work possible.
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